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Fleld of the lnventlon

Thls lnventlon relates to the use of lasers for cuttlng semlconductor

'materlals and more partlcularly to the laser cuttlng of EFG-grown materlal

v "Background of the rnventlon

- The EFG method of growrng shaped crystalllne materials from a melt
is well known, as exemplified by U.S. Patents Nos 4,937, 053 '5, 102 494 and’
5,5658,712. The use of EFG materials in fabrlcatlng _photovoltalo cells also is well

_kno,Wn, as exemplified by U.S. Patents Nos. 4,751,191, 5,698,451, 5,106,763
“and 5,151,377. It has been the practice to use the EFG method to grow hollow

polygonal bodies of a doped semi-conductor ,material, e.qg., octagon'sfof |
- ~phosphorous-doped silicon, ‘and loUse alaser to subdivide those bodies into . .

rectangular wafers or-blanks for use in making photovoltaic cells. More recent ..

Lefforts'..have,-been dlrected to growmg large diameter, thin wall -cy_hnders of

;‘snllco _ eg

.cyllvnders with a d:ameter of“approXi
"~ thickness of 100 to 700 pm' (microns). - o |
Laser cuttmg ofa materlal mvolves’_“'__. bsorptlon of Iaser energy wrthrn the
materlal resulting in a locallzed temperature mcrease m'eltlng and vaponzmg of
the material and transport of the melted and vaporlzed matenal away from the
body being cut. The development of exlstlng technology for cuttrng wafers out of -
" hollow EFG-grown silicon. bodles has been:driven by the need to maximize |
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silicon in alr with a thickness. of 300. MM using a: Nd YAG laser with:a pulse ...
duratlon of 0.5 milliseconds. (msec),.a pulse: energy of: 500 mllluoules (md): and a

: Gaussmn Spot with a beam. diameter:of. approxumately 1560-200~ ‘B, ‘the: -

L WO02/07921 B . PCT/USO01/15566

-

cutting speed, which has lead.to a search for lasers with:the highest-available

;:average power.. Heretofore the. cuttlng up.of hollow snllcen bedies into wafers
.__has been accompllshed in. alr usnng conventlonal industrial.lasers such as;
. conventional.Nd: YAG.and CO,: lasers, with.average power. levels ef about 100-

500 watts ("W). Those lasers:are srmrlar in.their cutting: actlen in that: they are "
operated WIth relatively, long pulse. lengths about 300 and 500 mlcrosecends

(ps). respectlvely. and the ‘eutting. proceeds with a predommantly melting:

mechanism. These prlor methods of laser cuttlng silicen bodies. have. cuttmg
speeds in.the order of 25-50. mm/sec. for 300 pm: thlck silicon.. Moreover, the

same pnor methods of laser cutting the brittle EFG-grown silicon bodies result in

___laser-lnduced damage to.the edges of the silicon wafers

Laser—unduced edge damage. to the sullcon wafers is:the: result of changes

in, the physncal matenal -properties where heatmg has-occurred:. The material-

depth to which. these changes-are detectable is.called the: heat-affected zone.

. (*HAZ?). The -defects i in the HAZ.are of two types = mlCl’E)CfaCkS and: deposrted
_debrls (“slag") The mlcrocracks Wthh .usually are numerous, commence at and.
generally propagate normal.to.the cut edges and themyturn by-about:90 degrees

SO as ,to.extend parallel tothe cut edges: By way: feflllustration =when 'cu'tfi“nfg‘“ 3

mlcrocracks may extend up to 50 Hm away. from. the cut edges:: These;:::

_,l__mlcrocracks are hlghly undesrrable since they result in: mechanlcal weakness of

the laser cut, wafers -The slag consists prlmanly of snlrcon which has: resolidified.
from the molten and.\ volatilized states and. SrOy(when- air is present in:the-cutting -

zone) The depos:ted slag contributes: to. the weakemng of: the edges of the-cut

. wafers.

Q207827A1_I_> -
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“* The damaged edge material néeds to'be removed b'y"chemioal?‘?ét'véhing"’ |
before the ‘cut waférs can be processed to manufacturé photovoltaic cells. The
deeper the HAZ,-the more material must be removed at the sdges of the wafers.
Unfortunately the occurrefice:of edge ‘damage ‘has resultéd in a reductlon m the
yleld ‘of! acceptable wafers for €olar-cali fabrieation: purposes ‘and’ Alsoin ‘

" increased costs ‘due to:the need to remove ‘damaged’ edge materlal frofn the ™

. wafers:-before commericing the several processes requnred to convert the wafers

to:solar cells Or othier deviegs: 0 o 1 i Flourit W e o

. The-critical lasér chatacteristics: lnfluencmg the laser: beam mteractlon
wnth crystalline: s;llcon and thé extentiof the HAZ ar&i8sér power and the -

variations of the absorptlon coeffi c1ent With' Wavelength temperature peak laser
power; and'gas:composition; Thesé factorsimpact on-the- ‘Cutting speed limits as
well as:on the mechanism:of heat transport and  subsequent HAZ formation and
‘edge damage generation.” However, in‘striving to reduce edge damage. the -
basic requirement:of maximizinglaser poweér so°as 1o ihcrease the cutting ‘speed
~ cumust be coupled with limiting the ‘heat inpiit to the ‘silicon material, sifice the heat
input to the‘material surrounding the lasef cut detérminiés the extent'of the HAZ
and the occurrence and length of thé microcracks: ‘Depending 'on’the'la'sér' '
. beam wavelength;:the puilse’ length FAist'be-suffi cient so‘that enough energy is
zinitially:retained'in the snllcon crystalling: matérial to° heat it'above abdut 600° C to
attain meltlng of the silicon.: The laser pulse energy must be malntalned near’
-the melting:threshold: to’ minimize the HAZ." T o
Iamage free.and rapld cuttmg of silicon’ usrng laser energy has remalned
an elusrve but necessary- goal in' the effort to achieve hlgh yields at the varlous
¢y stages-in:the-process of: converting the: silicon wafers mto photovoltalc cells or:

other ‘semiconductor devnces and to reduce manufactunng costs.

BNSDOCID: <WO ~ 0207627A1 | >
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Objects and Summary of the Invention

A pnmary object ‘'of this invention is to prowde a new and 1mproved ‘.

fae
[

method ‘of cuttmg crystalling: matenals ‘with & Iaser

Another object of this invention is to prowde a‘néw ahd’ |mproved 'method '

of cuttlng semiconductor bodles with' &' laser sb-as to’ produce wafers for use ln .

maklng solar cells or other solid state semiconductor devicés! ™"

. Afurther object’is to provide an |mproved method of cuttmg crystallme

‘materials with a lasér so as to redtice: edge damage:

Still another object is to enhance the speed of laser cuttnng a crystalllne
material such'as smcon R e [

A more specific object- 1s ‘to provide an 1mproved method of cuttnng a thm
silicon body with a laser at a rapxd rate with minimal occufrence of mncro—cracks
or other damage at the edges of the cut material.

Another specific object is to- provide an: |mproved method of laser~cuttlng
EFG-grown hollow silicon bodies into rectangular wafers or blanks with the

'-xcuttmg being accomplished- at optlmum speed and wnth a reduced number of

L -micro-cracks at the edges: of the wafers::

BNSDOCID: <WO

-and the accompanying draw:ngs

- The foregoing objects; and-other objects that aré rendered obvnous by the -

following :detailed descrlptlon ‘are-achieved by cumng semlconductor materlal
-;;35

with a laser-in a selected a vacuum'ér a nNon-oxygen: atmosphere ‘More ™
partncularly, the laser cutting-is accomphshed in‘a’vacoum: or in the presence of
one or.more: gases fromithe: group.- compnsmg forming gas‘and’ the hoblé | gases '

- (He; Ne, AR-and Kr):: Other features and advantages 6f the ifvernition: are

disclosed in or:rendered obvicus by the followmg detalled specrﬁc des"‘

0207627A1_I_> .
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The Drawings - T

Al |gs 1A-1G are graphlcal representatnons companng the speed of cuttlng -

' snllcon with a Q- switch Nd: YAG laser varies according to.the’ atmosphere in.

. Wthh the cuttmg is accompllshed

= _igeneral

. F 9. 2is a schematlc |llustratlon of one form of apparatus for: pract:c:ng
the present invention; . PN s RN :

Flg 3isa Cross- sectlonal view of a portlon of the apparatus of Fig. 2;

Fig. 4is a cross-sectlonal vnew of the O:ring that forms part of: the Fig 2

apparatus;

Fig. 5 is a plan view of a modlt" catlon of the gas-conf nmg collar and

Flg 6 |llustrates a.laser gas-assist nozzle constltutmg partof-an.

., ) alternatlve embodlment of the invention. -

. Detalled Descg:tton Of The lnventlon

o When usmg a laser to cut sﬂlcon (o] any other material.in air, the laser
must be operated soasto provrde a.peak power, density -at the: beam focus: that

is less than that Wthh will cause the air. to break down and:-form a plasma, which

.:'_”_occurs at a power. densnty of approximately 5. X 109 watts per square- centimeter -

(chm ) The. formatlon of plasma consumes-substantially all-or. most of the:"

laser energy, thereby preventlng laser cutting since.little.of the energy reaches

| }, the matenal to be cut.. lt has been determined from.laser cutting:in airthat, in’

,'_,he HAZ becomes smaller for any given-material.at a peak power -
densnty Just below. that at Wthh air breaks down. lnto aplasma. Nevertheless as

noted above the laser pulse energy | must be maintained near the melting-

threshold to mmlmlze the HAZ In this connectlon it has been:determined also-

' ~ that the mlnlmum energy required to melt silicon ls‘about 200 Jicm? and the

© RNSPRARIN cWO

minimum energy required to vaporizé silicon is about 1000 J/cm? (for laser beam
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‘laser cutting action is rapidly filled in with SiO; Slag s6'that the ‘cut edges are

6.

dlameters of the-order of 50-200°\im as’is ‘common ln practlce the threshold :

-melting and vaporizing: energles are about 4mJ and about 64mJ per pulse

respectlvely)

- Short:pulsé length iasers (i'e., lasers having a pulsé widih if the rafgs of
tens of nanoseconds orless) are attractive becauss their average P ievdls

~-have improved to'a range that makés them practical for hrgh speed cuttlng 'of'
_ srllcon.wafers subjectto belng used so as to minimize edge damage' “Sueh

lasers can be adapted to provrde a‘peak ‘power densnty that -approaches the
practical limiting value for air breakdown. The efforts to utilize short pulsé length

lasers for cutting silicen in'air have been stimulated by the expéctation that the

short pulse length laser energy will trarisfer less heat to the Silibon"ahd'gtl"ier"e:l%y

- will decrease the HAZ and ‘damage:depth while permitting the energy absorptlon

to be sufflCIent for the cutting to proceed qunckly with a predomlnantly meltlng

. mechanism. .

- However, problems were observed -tryin"’g‘-‘t‘o USingishor't”puls"e '|é§ef§*f6'¢ut

. wafers in air at viable rates excééding 10 mm/sec ‘Efforts employlng a hlgh

peak power Q- swutched Nd:YAG: Iaser and & short pulse Excrmer fasef revealed
that initially the laser cutting of 300-600 im' thick EFGS grown srhcon tubes n alr
proceeds very fast over the' first 25-50°microns, butthén’ slows down TR

'substantially. to zero. The use of a‘copper vapor [aser in air also proved'to be

unsatisfactory, because although the beam-penetiates very quickly becatise’sf -
its high pulse repetition rate of 5000-1 0000‘--’Hz,;'~'th'efke;‘r‘f'-'ca"\a/it’S?’ér'eéitédafbif";tﬁei" '

glued shut, preventifig removal-of the wafer.- Accordirigly until‘the bre"’s‘é'ntf."""?"" 8

“invention it-was not feasible-to use short pulse fasers 1o-cut wafers outof thin °

-~ crystalline-silicon tubes grown: by the EF G'process even though such 1asérs’ are

capable of provcdlng peak power densnty levels sufficient t6” apprecrably exceed
'the melting threshold and to vaporize the melted ‘silicon.- o

0207027A1_)>
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Studles conducted in the course, of maklng the, present mventlon have

' also mdrcated that some form of plasma is found near the surface of the silicon

) matenal being cutin air even when the cuttlng is.accomplished wnth a short

f pulse length laser at.a laser peak power density Just below the. air- plasma
breakdown Ievel (approxtmately 5.x 109 chm ), leading to.the. possnbllrty that .

the plasma is, due to the presence of volatlhzed silicon and that the formation of
the plasma may cause or contnbute to mlcrocrack damage TS
The_presentlnve_ntlon _ls_based,on,_and,\mclud,__es thea.dlsc.overy_-that the -

~cutting problems normally. encountered when cutting silicon with a short pulse

length QQSWitched Nd:YAG laser could be overcome and the usual microcrack

_ damage substantlally eliminated by. cuttlng the snllcon material in a vacuum or in
a selected gaseous envrronment consisting. substantlalty of a.noble gas (He, Ne '

Ar and Kr) or formlng gas (90% Ng: 1,0%.--H2). :

’

A series of cutting experiments were conducted to evaluate the effect of

. ..various ambients on-laser beam penetration, cutting speed ‘andl-—jAZ.-related :
, cutting d'amage to the test. specimens -For the- purposes of the test; specimens
‘_v,:ln the form of 700 mtcron thick wafers of. pohshed srngle crystal Czochralskl- :

'-,_-grown silicon.were. used for.ease of measurement due to their flat pollshed

surfaces.  Cutting of. the silicon specnmens was:conducted-using.a Spectra
Physics | Model PRO-290. Q-swnched Nd YAG laser having a 50 Hz pulse::

' grepetrtlon rate and a 10ns (nanosecond) pulse duration. The average power

500 mJ and the laser beam was focused top provnde a peak power densrty of 0.9

X 109 chm just below. the level of 5 x 10° W/em? at which air plasma

breakdown oceurs.. The specimens to be cut.were- mounted in a:chamber WhICh .

had a wmdow through whsch the- laser beam was: dlrected at the speclmens “The
chamber was connected to.a; turbomolecular pump: and a gas: manlfold The

pump and manlfold were used to evacuate the.chamber and: to malntaln the - .

0207627A1_1-> - . - .
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vacuum ar fill the.chamber: with various: selected gases -The: followmg ambients

were tested: -air,:vacuum;, Ny,.CH;F,-forming: gas (90%: Ns: 10% H2) ‘and the"

noble gases He; Ne, ‘Ar, and Kr. . The chamber was: marntarned* at: a pressure'of

. one atmosphere:during the cuttrng in the: presence ofithe foregoing gases. i+

- BNSDOGID: <WO,

Depth measurements were made using optical microscopy and 'm“e’a‘sﬁ’ring

depth by critical focusing ‘at the top surface-and the bottom of the laser cut
- trenches. Trenches were ctitin the: polrshed wafers by 'exposing the matefial'to
- .the focused laser-beam- pulses:i in rncrements as follows: 1, 2, 4,8,16-32"6%"

128 pulses.and- -‘measuring the trench depth after each increment. Materlal" -
damage:was-éxamined by metallurgical cross-sectioning and optlcal mrcroscopy
Figs. 1A-1G. graphrcally show the results for material removal in“a vacuum:
and. all but two. of: the varidus gases listed above.- In this: connectlon it- should be
noted that Figs. 1A-1G. present graphlcal data’ only for helium (He) and argon

- (AR), However neon (Ne) and krypton (KR) were also tested and: showed
- essentially identical behavior. . Because noble gasesvvappeared-vto:work' well, L

-nitrogen was also tested.to see. if -oxygen:could be responsible for the poor- e

cutting speed in an air ambient: Formlng ‘gas was- used-to determineif hydrogen _

_could accelerate the.cutting. speed and the forminggas turned out to show -

essentlally the same: behavnor -as:noble gases. Di-fluoromethane was' tested as _

an ambient to determlne if free fluorine radicals produced by laser ¢ energy ‘cotild

: accelerate the cutting process:.

_ From the data presented inFigs: TA- 1G itiis readnly apparentihiat’ all but
a vacuum, forming gas and rare. gas. amblents show a'slowing of:the beam

. penetration with increasing depth.: A comparlson of Figs. 1A’and 1C. shows that.

nitrogen and -air have. a similar detrimental effect on cutting speed although With

'nltrogen the detrimental effect is not quite as pronounced Fig. 1F ‘'shows lhat

the results using difluoromethane were. also poor Vacuum, noble gases and

forming gas show. essentrally the same high material remioval rate and a’

—0207627A1_1_>.
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substantiallyrlin‘ear'removal*rate -as:a function of the:Aumber of pulses:- ‘The *
material. remeval rateiremains: essentrally .Constant regardless: of depth within the :

boundanes oﬁthe experlments The: ;penetration rates:in a ivacuum envirofiment

' and. noble gas, envnronments are: nearly identical: regardless of the. 1atomn: welght .-

Of the nOble Qas.: s By Tmeii TR RS s ien DTS LT T T

-, The-reason for:the mprovement in cutting: rates is not readny explainable. -

N Q__ne.p_gss_rbl_,e__exp_l__a:na_tlpn,.ls,.:id_elayed._or;_s.et of plasma’in:vacuum-and inert: gases

" BNSDOCID: <WO

when-compared to other. a_mbients,.b it was noted.that aplasma is a’lway's'f-fo'r‘r'ned

under the experimental conditions, even in vacuum, since. volatilized silicon -

: appears to lead to plasmaformation as seen by a bnght blue flash near the -
. Amatenal surface '

Optlcal mlcroscopy combmed with cleaving-and. metallurgrcal cross-

sectrpnrng wasus_ed to determine the shape of the laser cut, the- presence of

‘melt or slag and the presence of microcracks. The tests revealed that cutting in .

a helium_ environment proceeded without microcracking toa depth of about 200

mierons (Hm), with nearly vertical. sidewalls except at the very beginning of the

.' cuttlng action. The bottom of the cut is- also V" shaped and some bundup of:
:slag and silicon is observed at the edges. It was observed also that with a -
cutting. penetratlon deeper than about 200 macrons ‘buildup of~slag- is observed .

: - at the walls of.the kerf (i.e., the cut), thereby restricting beam: access atthe
‘bottom of the cut arid ultimately limiting the thickness' ‘which ean-be cut:”
. Occurrence. of microcrack damage was observed beyond the: depth of about 200~

microns... The:cutting rate and the shape. of-the kerf or cut-formed wherni o

-operatingin a 'vac:uum'is virtually, indistinguishable from'the cut that is made in a
. :.hehum ambnent ln contrast, cutting: in air: produced a kerf that-developedasa
“round: "bowl“ shape with a s:gnlf icant burldup of slag:and a. heat affectéd | zone

Cuttlng |n air: essentrally termmated ata depth of. about 50°'microns usmg the
Spectra Physics Nd-.YA_G laser mentioned above.: Additional experiments’

__Q207927A_I_> |
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involved-cutting in a helidm'fen\'/irénrﬁeht: open to the ‘e'tfrfﬁtiis;pﬁéré'-‘Z‘Wﬁer’e*s‘bﬁ'ié

' air could not.be excluded. These additional experiments were not’ quantltatlve o

but- showed a rapid detenoratlon of cutting speed; from 3:0 cm/sec down to- only _

about 1.cm/sec for 425 um:thick wafers,_ -and ‘also"a deterioration’ in kerf: quahty _ |

- expressed in terms of slag deposition and oxide formation-surfounding tHe kérf.

© - Additional experiments were conducted with' the ‘same laser and sperating

‘conditions using specimens of EFG-grown silicon Havifig'a thickngss of 125+
- microns:-In this.case, it was determined that cuttingcould be: conductedm
~ helium and forming gas at a cutting speed of 3.0 cmisec thhout any sngnn" icant

microcrack damage:

..For:economic and practical reasons, cuttmg ln a ‘noéble gas envnronment

:such as helium is preferable over cutting in & vacuum. ‘Under current

manufacturing practices EF G tubes may'measure'six feet in length (oreven
longer) and, in the-case of cylinders, more than three feet in diametér. It Wolild.

“normally be necessary. to immerse the-entire cylinder ifva helium filled chamber

with the laser:beam:entering through a windéw in 'th‘é"Chérf'ritierif.f’Withfé'i;ic’ﬁ""én‘*

arrangement the chamber would have to be filled with helium fou"*'eV_éﬁY-l’t"ifib'e"é-’t"ii”f' :

- be.cut, unless a lead lock including -:Vegcuum‘pumping—'offthe’ lockis‘used,

Because the expense and complexity of such apparatus is:ecéndm'iéally‘*’
prohibitive for the cutting of wafers from an EFG tube for the productlon of solar
cells other apparatus has been concelved for practicing the invention. v

-« Figs: 2-4 illustrate a-preferred.form-of -apparatusfor cutting wafers out of
an EFG-grown hollow tube of silicon in the presence of a selected’ gas -
atmosphere It should be noted that for convenience of |Ilustrat|on the'wall -
thnckness of the silicon tube is exaggerated in-Fig. 8. Fig. 2'shows a'short "
sectson of an EFG-grown cyhndncal tube orcylinder 10'that ns attdchedto'a™
supportmg disk:12 thatis attached to.a shaft 14. The' latter is mounted for up

~and down- v_,ertl_c_:al,‘and_irota!tlonal -movement:by;a-‘surtable drive '-mechamsm'-‘(not_ _

- 0207027A1_I_>
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- shown).. | The tube section 10.is surrounded by a collar 16 which has an-L-

shaped cross-sectlonal shape, being open.to.the ambient at the bottom. as:

~ ;shown by Fig.-3...The inner.space of the collar is flooded with.a gas selected.

,_a__ccgr.dlng..to.the,pre_sent_rnve_ntlon_, pref.erably helium, -via a tube 18 that is

~* rmounted.in an opening 19 inthe upper side:20.of.the.collar- and:is connectedto
. the gas:supply. 21.via a suitable flow control valve (not shown). :The collar is

o attached to a suitable support (not shown) which supports:it-at a selected:level.

" BNSDOCID: <WO__-

’ The. collar lS srzed so:as. to allow relatlve vertlcal and rotattonal imovement: of the
: ;snlscon cyllnder 10, .

Since helium at a glven temperature and pressure: is lighter:than:air; -

: helium.will.tend to- escape fromthe gap at the top:of the collar: between the EFG

- cylinder and: the collar;(some minor. losses.of-helium:also:tend to occur from: the

open bottom of the collar due to possible turbulence and:mixing.of air and -

' helium). As shown in Fig. 3, the-gap between the top of the:collar .and. the. -
.cylinder is sealed by attaohing‘a--very soft and small pore foam rubber O-ring 22
tothei inner.edge. of the collar.. The Fing:is- snzed so‘as-to-touch'the EFG tubg

with negllglble pressure in order to avoid: any force on-the: cyllnder whichky would
cause the cylinder to- crack or otherwise be damaged To prevent:the: passage

of hehum through.the: foam seal; a thin porous or perforated plastic tube 24-is -

._embedded-ln;_slde the O-ring as shown in F lg.~=4~._:: Tube 24 is connected to awater . -
- supply (not sho_wh)-:via'»;a suitable conduit (not: shown) and a:control valve (also

. not shown). A small amount of water is injected periodically into the O‘arihg via

tube 24. The foam rubber. of the O-ring 22 is porous and absorbs the water
injected vna tube:24. The water filling the foam rubber formsa menlscus
between the surface of the cylinder-and the O-rung that serves as a seal 1o

‘prevent. escape of hellum

For the purpose of easy insertion .of the EFG: tube 10'irito: the: collar a
second elastlc and resnllent tube 26 made of- plastlc or rubber is:embedded

0207827A1_|_>
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:wipers:32:serve to.prevenit-helium from fillifig thé entire annullus of tHe 'collah -
ithus r educmg the: quantnty of: helitin: requured to- flood the space iA \front of fhe

-section while expanding its major:diameter at its-innér cnrcumference

W0 0207927 o IR | PCT/US01/15566 -

NI L,

inside the O-nng “This-plastic tube 26 is connected to thesns' (not shown) for (a) .

partially. evacuanng it so"as to'catse the inner-circumfershce of the' seal 6"

expand,.or (b) pressurlzmg it With air to- causé thefininer circimférencs of the 0-

. Fing. to shnnk To allow: for:insertion ‘of the silicon: cylmder into tHe" coltar,

vacuum'is appliedito tube26:$0 as'to" Gausethe O “ring to centractin erosst’

Thereafter; with the:silicon ‘cylinder surrounded by the OFirg;: plastlc tube 26 is
pressunzed-wuth air or:some* otheru-gas so:asto cause the OFing to” expand in’

‘cross-section and contractits major diamter-at its inner circummférerice §64s'to

engage the silicon.cylinder.:The dimensionial change i thie foam tubbeér Otrivg.
when contracted and expanded:in this way is relatively ‘slight just enough to” -~
permit easy insertion of silicon tube 10:on expansion and 16 insureé a good s&al
made by the O-ring on contraction. The: collar aléo has-a sidé window 28 made -
of glass or-some other transparent: material through which a'laser beam can”
pass to cut wafers out of eylinder 10; B R

-~ Fig.-5°shows:a modification of the foregoing a‘;‘:‘ﬁé‘ﬁéfﬁs} ‘I this'case the
helitim;-or: other noble :lgésnor forming gas; is injected by :&ﬂbé?'1"8 ‘into-the ¢oilar:
via:an opening:30 in its:top: sifde=tdiriéctly‘.at50velwfiiﬁaW'-~32‘8; ‘and two'Vértical |
wipers:32 made:of soft-foam rubber similar-to-thal f 1tis' eal 22'are IB6AEE"

inside-the:collarion both: sndes of thé' beem impactiarea’ preferably |mmedlately
_adjacent-to the:opposite side: edges ‘of the wmdow as'shown‘in Flg 57 The

.....

measure, the wipers may: be provnded with embedded porous ‘plastic tubes (not

‘ shown) like:tube:24: thatv are ‘conneécted‘to’a water supply (not shown) vna '3’

suitable control valve: (not shown)and. serve tofeed water'te’ the wupers to keep :

0207927A1_)_> *
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. - them wet, thereby establishing.a- memscus between. the wnpers and the silicon

CRNSNOCIN: <WO

tube that acts to prevent.-escape. of helium:past the wipers. . . - _

- -Referring again to Fig: 2, the.illustrated; apparatus also mcludes a laser
34 relay lenses 36, 38, a 45° mirror 40, and. a foc;usmg cylindrical .lens 42. . The
latter i |s mounted for rotatlon on its.optical axns from one-to the other.of two .-
different positions ._t_hat, are,spaced from-one-another. by an-angle of 90 degrees.

. AL_emsgl;ﬂZ__@sr_gtatable_r;qmg_-commanq by a lens-rotating mechanism:(not:shown).

The mirror 40 gireclS.;the'.las_e'r. beam to the ¢cylindrical-lens, and the latter - -

converts the peam"into‘an_-ie_lqngatedf narirowlspot;p_attern-.:.-e;g.-. ‘a spot measuring

-about 300pm x 25um and.foguses it through: the glass window.28-0nto the::, "
fexterior surface;of the silicon:tube 10.... Focusing:the:beam as-an.elongated: .
_ .-narrow spot speeds up-the, cuttmg process and also permlts better control-of::
_‘.«laser energy. densxty -With the: foregomg >arrangement cutting.is.achieved:by:
'generatlng vertical. and horrzonta! cuts.in- the silicon:cylinder 10:-in rectangle or -

v square patterns, thereby producnng rectangulaniorisquare wafers: 1. .t zeest

e o ASING the apparatus of Fig-2; the preferred ‘eutting. precess mvolves f rst
posmonmg the: cyhndnca! lens: 42 in the first: ofvits twosdifferent posmons inis

which. posmon/ it-will causethe beam from laser: 34 to form:a harrow: etongated

_ beam,spot that:is onented withits long. dlmensmn extending: parallel to the: -

Jongltudlnal axls of smcon tube 10.. Then the:laser.is: operated to: cut.in: cylinder -
10 a plurality. of horizontally-spaced vertical cuts:that:commence:at the bottom

edge of the silicon tube. This first cutting action involves.intermittent rotation:of

the. silicor\ cytinder through. 360 degrees-so-that-the vertical:cuts extend. 'arburtd .

the full cnrcumference .of the.cylinder.” Depending:on the. length of the'beam:

. spot |t may be necessary 1o move the entlre Iaser cutting: system vertically to-:
o ach:eva vertical cuts. of the Pproper. Iength : -Altematlvely—lengt—henlng—the vertical
.cuts can be-achieved. by movmg the. suhcon cylinder.vertically.. Once.all the*

- vertical cuts have been made, the cylmdncal lens is rotated 90 degrees to its

moTaTA | -
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. 'second position, in-which position:it focuses the laserbeam’so that its slohgte

beam spot is.oriented.with.its long dimension extending horizontally; i:e.;'ata- -

- right angle to the axis of: Sil'ic0n“;éylinder- 10:: This'horizontally-oriented laser

BNSDOCID: <WO_

- beam spot is causedto traverse cylinder10 horizontally between the vertical™
+ cuts so as to separate:wafers from the cylindér. - This can'be‘achieved by *

_rotating the:silicon cylinder. - Alternatively; it can be aChieved'by’“inO't'i'n'd ‘r"r"ti'ri"o"’r

40 on a pivot axis that’ exténds: parallel to the silicon cylinder:- Regardtess ‘of
how the . horizontal cuts are made, only. one- line: of honzontal cuts is’ requured to
produce wafers, since the bottom edges of the wafers are ‘portions of the bottom v

. edge of the: silicon cyllnder

~ Itis contemplated that the need to use a cylindrical lens as described:
above can be eliminated by using other lasers and-focusing the beam into'a
circular spot pattern, and using mechanical rieans to cause the laser to'séan the -

surface of the silicon cylinder in a way that will result in square or rectangular:-

‘wafers being- cut-out of the ~cy|inde'r- ‘Lasers, other than the one 'des"'cirit")‘ed""“f' 2

_,.-Other- ways and..means of-usmg alaserto cut-:matenals:lnfa* se_le'ete‘d e

| pattern are-well known, as exemiplified by:the "fdlloWi‘r-ig United »St‘-a'tés"‘*ﬁ‘eité‘ﬁt?s;:‘*
‘No. 4, 503,313, issuedMarch: 5,-1985:to. A Tsutsuml No.*4; 675 501, |ssued“June
23,1987 to H. Klingel; No. 4,728,771; issued March 1,"1988 to F Sartorior i =

No. 5,-4.63,202;3-nssued.-.Oc_t;;31 ,-1995to M;:Kurésawa’ et~al, No: 5-,667-",70_7',:'~|ss’ifed
Sept: 16:1997; No- 5,756,961, issued May, 26, ‘-1‘-9:981T to K Sato ‘et al.y énd’*i\’iﬁfi =
5,759,428, issued June 2, 1998:to:H:' Balamane et al. - The' teachmgs of those™

o Patents are: mcluded herein by.references::. vsi. 1 .l s di i s ey

- An alternative. apparatus and:method of: conductlng cuttmg if 3 noble gas '.

- OF formlng gas enwronment involves.the use ofa ‘gas assist laser nozzle: Gas
' aSS|st nozzles are: weH knoewn:in the art'and are: exemphf éd by $aid'U’s! Patent

ey

__0207027A1_I_> -
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}'No' 4,728,771 and also-by U.S, Patents Nos: 5,083,008, issued Jan: 21, »1 992 to
D. Stroud and: 5 220, 149 issued-June .15, 1993:to: G:: Neidhardt et. al
as,snst _n_ozzle ,5..0_.‘. _The nozzle ,,_has. a central‘_ or axial bore.52,|n which.is. mounted
a _focuejn_g_,lens;:s_.tl. -Qpre..§2: is open:at one end:56 for-admittance of:a laser .
beam from a 'j_a_se;_.(no_t_fshown):a_ri\d-;h,a's,x.a;reduced diameter discharge opening |
, or :Qriﬁgea-ﬁs_,;throu‘gh ;whi_oh the -laser beam:passes out-of the nozzle.. Thelens
54 serves.to focus the laser beam so that,—,its,focale.plane:is at the adjacent. -

. .,;,_su_r;;f_aﬁ_ce. »off,-_,_thue;materia_'l: to be cut.which wil be located close to the discharge
-orifice 58-. Oneor more side ports 60 are pr_oVided in the nozzle for_ injection of
assist.gas from a gas-supply 21. In this case the assist-gas is.a noble "g‘as or
formir.i‘g-,gas._as described above. The assist gas, -which-ﬂoWs out ofthe - .. =~

o dischar_.ge_ orifice 58 into contact with the material being cut, is introduced at é
fluid pr‘ess'ure«.level-which will cause it to flow-out of the nozzle with avelocity
sufficient to. enhance the laser cutting speed,by removing materials that-tehd-,to
deﬁpgswit?egyzderisi-ati tlge,,iou,t.edges‘;(in the:c_ut-.timg:of-; silicon tUbee,zfth’eEdebri's -
consigter primarily of re-deposition of silicon from-the.molten end:‘vaporized _
s,t;:a‘;e'e,gprgdug_e.q :bysthe }Igse‘r,}energy)-.; -Since the:layer of debris’ promo‘tes_ L

-2 microcracks -at ‘t_h_e;-c_:_ut;_e_dgue,s_._e-thg‘remov,al-of-‘debris;.by-,the assist.gas:notonly: -
-enhar;\,ce,s.igutt-ingf-speed;but;also improves ihe_ strength of.the cut wafers. The

-.;“,.t..,strearr.-\}of assist gas discharged from:the:nozzle spreads-laterally-along the "

o surface of the silicon tube being cut, thereby: creatlng & non-air amblent that:

- envelops the .adjacent:surface portion.of the tube:- AP

Although the invention has been. descnbed in connechon wnth a Nd:YAG |

| laser itis to: be apprecnated that the mvent;on may:be:practiced using-a dlfferent

short pulse.length. pulse laser: It also is argued that:laser- cuttmg of silicon usmg
-a laser that produces relatlvely long length pulses, e.g:, @' Nd:YAG laser - |

operating with a pulse length of 500 microseconds (ps), may be improved in-

-BNSDOCID: <WO " 0207627A1 | >-
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terms of wafer quality, if not in ihci:'re‘as'edci:utti'rig speed, by‘conducting the *
cutting in:an ambient consrstmg of a noble gas or forming’ gas-as taught by this :
invention. Although the Q-switched Nd: YAG Iaser has'been described in the

foregoing specifi ication-as operatnng ata pulse repetition rate of S0 Hzand'a 10
ns duration, with'an average power output- of 85'watts; it isto'be apprecnated that

- -thelaser may be operated with different pulse répetition rates; ‘pulse’ duratlons

and average power oufput; accordlng ‘to’'the material’ belng cut and the results

- .~ intended to be ‘achieved.: Also the spot’ size and: shape of the laser be m

~ focused on the material to be cut may be altered according to the type of’ Iaser

used, the .desaredv.cuttmg speed;:-the pulse width, repet-ition rate; and® energ.y'

- - density, and the composition‘arid thickness of the matérial being cut. Wiiie s

BNSDOCID: <WO,

. having:a: maximum wrdth inthe” range ‘of 40-150'microns.”

- side is closed off, i.e., soithat in ¢réss-section’it cons;sts of a top Waill* ahd
bottom wall connected by:a:side walf in the fori of @ U that is turned 80%° on' its

circular beam spot pattern-may be'tised-advantagedusly with'other lasers dhd
the present invention;-an-elongated narrow spot pattern is preferred forths ™’

purpose of maximizing cutting speed Preferabl'y" the beam spo‘t p"a‘t’t'ér'n"'i‘é"f“*

: of microns. By: way of example but not limitation, when usung & short pulse

Nd:YAG laser to cut silicon, it:is:préferred to use a‘narrow elongated beam spot

A further possible modifi cation istoform’ the collar 16's6 that its'b tom |

side: It should be noted-also:that laser nozz1és of different ‘constructions’ may be

- » used.in practicing the invention.:

Although Fig. 2 illustrates the invention as béing applied to a“&:yiiﬁaér*’*
rather than to a tube with & polygonal cross-section, e.g.,’an octagon i IS to be
understood that the mvention may bé used to cut tubes of various'croggs "

sectional configurations, eqg., elght-srded EFG-grown silicon tubes commonly

identified simply as “octagons”, pa’rticularly if an assist gas nozzle as shown in

_0207927A1_I_>
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Fig. 6 is.used. rather than acollar as illustrated in Figs. 2 and 3. .ltis to be

understood also that if the.EF G tubes to be cut have a polygonal- cross-sectlonal
,‘conﬁguratlon -acollar, may still-be:used top provide:a ‘suitable:noble gas or-

formmg gas; environment in-the cutting zone, but:in that-case:the collar willbe

‘ :constructed modlt”ed so that.at-its. inner edge will~have-a mating:polygonal - '

"BNSDOCID: <WO,

configuration, to provude a close fit, wnth the tubes to:be-cut.; -It.is to.be: noted ‘that

use’ of a collar is. preferred over.a gas: assust nozzle since the latter.would -

. consume more oj the forming gas.or noble gas due to loss of gasitoi the outside

: atmosphere

el also lS contemplated that the gaseous. envnronment provrded by the -

_present mventuon may. consist or a mixture-of noble gases-or. a mixture of formlng

_ gas and one.or more noble gases., Also although xenon:was not tested: itis:"

believed that its use would provzde the same: lmprovement in results that are’
obtained wrth hellum _neon;.argon and krypton. .

Although the invention- has been described i in connectlon wrth cutting -

' s:lucon lt Is. beheved that the concept. of cutting-a- fraglle crystalllne material wnth

._,a laser using. a Sselected non-air, ambient or. envrronment may be used:to-cut:

other materlals Also the. lnventton is not limited:to: cuttlng hollow tubes but'may
be used ,to cut .s_t_ltc,on or other crystalline materlal_s.,.-m_ sheet or other form,
par_tjoularl;yi materials-having a relatively small thickness, e.g., ‘a thickness in the

. range.of 100.to 700um.  Similarly, the apparatus.used to;support the silicon : '

_,‘,;,tub"es and-the construction.of the laser system may:be. madified to use means:

well known or obvious to persons skilled in the. art; Still. other modlﬁcattons W|ll
be. obwous 1o persons skilled in the art from the foregoing descrlptron
oAS used heretn the terms ‘laser beam?: and "Iaser -energy beam® is‘to'be

. construed as lncludlng a stream of pulses of laser energy:

0207927A1_I_>
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WHAT IS CLAIMED IS; o e e
Cln e o A method of ¢uttinga- hollew semi- conductor body of silicd nto' wafers -

BNSDOGID: <WO.

' for use in making solid state: electromc dev:ces comprlsmg e steps of"

~medium. comprlses argon::--

cuttlng said semi-conductor: body with a-short' pulse Taserii |n S vacuum or o

-in the-presence ‘of a gaseous: médiufm consnsung ‘of 6€’of more of the follow ng' '

T ¥

#:-- :«; . :’5.'4

gases: forming gas and noblegases. -+ 7 S

2. A method according to claim 1 whereln substantlal"l'j/’éll""ef said gaseous -
-medlum comprises a noble’ gas. - ' T e R

3. A method according to claim 1 wherein substantially al) of said gasedus

‘medium consists of one or more of the followmg gases formmg gas hehum

‘argon, neon and krypton: "

4. . -A:method according:to: clalm 1’ wherein’ substantnally all of sald gaseous
medium comprises helium. e T R

5. A method accordlng to-claim 1 wherem 'substantlally all of sald gaseous o

Y

RPN S

60 - A method accordmg to'claim’1 Wherein sald cuttnng is accompllshed usmg. :

a Nd:YAG laser. - R R I TR L e
7oA method accordlng to-claim 6 Whereinsaid Idsérhas’a 50 Hz pulse
repetlthn rate S T T S LAl Tl '.T‘;{ FEE ’ (R R S T . R

0207027A_|_> . . o B . . . ’ . . . F ‘ <
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8. A method according to claim 7 wherein said laser has a 10 ns pulse
~duration. - '
' _9._‘ A method according to.claims 1 wherein substantlally all.of :said gaseous |

’ medlum comprlses one.or more. of the following-gases: formmg gas, ‘helium,-
.argen, neon, krypton and xenon, and. further whereln said laser .is.Nd: YAG laser -
;:that p[pduces a laser. beam, ‘having a pulse repetition. rate in the order of: 50 Hz
f';\and a pulse duration in the order of 10 NS... - iioo

A _A10 » A method accordmg to claim 1 further lncludmg the. steps of: supportlng

’ sald hollow body, and operatlng sand laser so as to:provide a laser beam: that

traverses sald hollow body in selected horizontal and vertical paths so as to cut

: out rectangular wafers from said hollow body. -

11. A method of cuttmg a hollow seml-conductor body of snllcon |nto wafers
for use in making solid state electronic devices, comprssnng the steps of:

e surroundmg said semi-conductor body. with:a collar so as to: deflne an -

annular space surroundlng said body,

injecting a gas from the group consisting of formung gas and the noble .

gases He Ne Ar, and Kr.into.said annular space; and: -

cuttmg said semu-conductor body by means of a. short pulse. Iength laser =

~ that is operated so as to beam laser energy pulses through said annular space |
‘_,_h_to sand seml-conductor body, whereby-laser cutting of said seml—conductor body

is conducted in the presence of said gas.

12, A method aocordlng to claim. 1. wherein said collar has a: wnndow that is-
: transparent to laser energy, and further wherein said laser pulses are: dlrected
' | through sald window at sald seml-conductor body.

0207027A% | >
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13, Amethod of cutting a semi-conductor body.comprising the steps of: -

WO 0207927 : S ' " PCT/US01/15566
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passing laser energy beam through a gas assist nozzle directed at.said

~ semi-conductor body so that said laser energy beam operates to cut said

semlconductor body; and

LYY 3 EEER I N R D

injecting a gas from the group conS|st|ng of formlng gas-and the noble

gases He, Ne, Ar and Kr into said gas assist nozzle so that said gas pa.sse‘s out |

of said nozzle into contact with said semi-conductor body, whereby laser cuiting‘ ‘

- of said semi-conductor body is conducted in the presence of said gas.

14. A method according to claim 13 wherein said laser energy beam is ‘

- produced by a short pulse laser.

15. A method accordmg to claim 14 wherein said laser is a Nd YAG laser and

,sand seml-conduotor body is siticon.

16. A method according to claim 13 where said cutting is conducted so as to . “

“cut four-sided wafers out of sa_id semi-conductor body.

~17. A method of cutting a semi-conductor body cornprising, the steps of:

placing said body in a vessel having a window that is transparent to laser
energy and evacuating said vessel so that said body is in an air-free ‘
environment; and '

passing !aser,energy'beam through said window into said vessel to'said

~semi-conductor body and causing said laser energy beam to traverse said
semlconductor body so that said laser energy beam will cut out portlons of said -

semiconductor body.

0207927A1_I_>
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18 A method according to claim 17'Wherein'said laser énergy beam is
produced:by a Nd:YAG laser and said‘beam operatés‘to cut wafers 6ut of said

Syl i e,

body‘..-... 00 PR U T SRR SIS

19, A method according to claim 18 wherein said body is‘made of P-dopéd

s"icon_ Ver e A'A":'.:»-:"(-.l' RIS I s -:_";:;.j't*”‘:f B TR el s n

&
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This application contains the following inventions or groups of inventions which are not so linked as to form a single general
inventive concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination ltes
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Group I, claim(s) 1-10, drawn to cuttmg mer.hods with short pulse laser i m vacuum or gas.
Group II, claim(s) 11-12, drawn to cumng methods with laser. with a collar, with a gas.’
-Group III, claim(s) 13-16, drawn to cutting_ me_thods thh laser, with gas and gas assist nozzle.
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